In this paper, we propose a novel buffer-state-based relaying selection scheme in the context of cooperative cognitive radio networks (CRNs), supporting the primary and secondary networks. In the proposed scheme, both the effects of inter-network interference and fading are successfully suppressed by introducing a flexible link selection algorithm in the secondary network. More specifically, by relying on the broadcast nature of wireless communication channels between a source node and relay nodes in the secondary network, the associated source packet is shared among multiple relay nodes. This allows us to benefit from the additional degree of freedom. Furthermore, we consider the priority for link selection based on the buffer state of each relay node in the secondary network. This contributes to the avoidance of detrimental empty and full buffer states. Moreover, analytical bounds of the outage probability and the average packet delay are derived for the proposed scheme based on the Markov chain model, in order to verify the numerical results. The overhead required for a central coordinator of the secondary network to monitor channel state information and buffer states are also investigated. Our numerical results demonstrate that the proposed scheme achieves better outage and packet-delay performance than the conventional maxratio-based scheme in the buffer-aided CRN.
I. INTRODUCTION
In wireless communications, the concept of relay selection and cooperation has been introduced for exploiting the diversity gain [1] , [2] . However, in the conventional relay selection schemes, the achievable diversity order is limited to the number of relay nodes, due to the prefixed schedule of reception and transmission [3] . In order to enhance the achievable diversity performance of the conventional relaying schemes, the buffer-aided cooperative relaying protocols have attracted much attention [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In the buffer-aided relay selection, the best source-to-relay (SR) and relay-to-destination (RD) links are selected separately [4] , while the conventional relay nodes are designed for forwarding the received packet immediately to the destination node [1] . In order to attain a high The associate editor coordinating the review of this manuscript and approving it for publication was Cunhua Pan . diversity gain, the max-link relay selection scheme was proposed [6] , which selects the best link among all the available SR and RD links. However, the classic buffer-aided relay selection schemes [4] , [6] fail to avoid the negative effects brought by the full and empty buffer states. In order to combat the limitations, a number of buffer-aided relay selection schemes were proposed for taking into consideration the buffer state information of each relay node [9] [10] [11] [12] , [14] . Also, the buffer-aided relaying protocols are introduced into the context of the physical layer security, which guarantees the information-theoretic secure communications [8] , [13] .
Furthermore, the buffer-aided relay selection schemes have also been investigated in the context of the cognitive radio networks (CRNs) [17] [18] [19] [20] [21] [22] . In order to address the correlation problem of the classic max-min relay selection scheme [23] , the max-ratio relay selection scheme was proposed, which selects the best transmission link in terms of the signal-to-interference ratio [17] . Unlike in the conventional networks, in the CRNs, there exists interference between the primary and secondary networks, Moreover, the relay selection schemes capable of mitigating such inter-network interference were presented in [18] , [19] . The effects of outdated channel state information (CSI) on the outage probability in the buffer-aided CRN were investigated in [20] , where a closed-form expression of the outage probability was derived.
Against this background, the novel contributions of this paper are as follows. 1) We herein propose a novel relay selection scheme that incorporates the simultaneous activation of multiple links between the secondary source (SS) node and the secondary relay (SR) nodes. More specifically, multiple copies of a source packet in the secondary network are stored in multiple SR nodes, which contributes to the increase of the coding gain as well as the decrease of the end-to-end packet delay. Importantly, the proposed selection algorithm is designed to satisfy the requirement specific to the CRN. 2) Another contribution of this paper is that we introduce the concept of BSB relay selection into the proposed scheme. This allows us to avoid detrimental empty and full buffer states, thus maximizing the number of available links. Our numerical results demonstrate that the proposed scheme achieves better outage and packet-delay performance than the conventional maxratio scheme [17] . 3) Analytical bounds of the outage probability and the average packet delay of the proposed scheme are derived based on the MC model under the assumption of independent and identically distributed fading. This validates the system model and the numerical results of our scheme. Moreover, the overhead required for the secondary destination (SD) node of the proposed scheme is compared with that of the conventional scheme.
The remainder of the present paper is organized as follows. In Section II, the studies related to the buffer-aided CRNs are introduced. In Section III, we present the system model of the proposed buffer-aided cooperative scheme. The theoretical analysis and theoretical results of the proposed scheme are provided in Section IV and V, respectively. We provide the numerical results of the outage probability and the average packet delay in Section VI. Finally, we conclude the paper in Section VII.
II. PRELIMINARY WORK
In this section, we elaborate more on the conventional bufferaided relay selection schemes that are related to the proposed scheme. Max-max relay selection (MMRS) [4] and maxlink relay selection [6] are popular schemes developed for the two-hop buffer-aided cooperative network. As mentioned in [11] , MMRS achieves a lower packet delay than the maxlink scheme, while the max-link scheme attains the maximum attainable diversity order. In order to further improve the diversity order, Luo and Teh [9] introduced the concept of buffer-state-based (BSB) relay selection, where a relay node is selected based on the buffer states of the relay nodes to avoid detrimental empty and full buffer states.
Most of the buffer-aided relay selection schemes [4] [5] [6] , [9] are designed for selecting only a single link at each time slot. In order to introduce an additional design degree of freedom, the generalized MMRS (G-MMRS) and generalized maxlink (G-ML) schemes were proposed [10] . These allow the simultaneous exploitation of multiple source-to-relay links. These two schemes are capable of attaining a lower average packet delay than the original MMRS and max-link counterparts, owing to the beneficial effects of packet sharing among the relay nodes. Furthermore, the concept of BSB relay selection was proposed in [9] , which was then introduced into the beamforming-assisted G-ML scheme [12] , the fullduplex scheme [24] , the NOMA-based downlink [25] , and the secure relaying scheme [13] . Since one of the challenges in the buffer-aided relaying protocols is an increased packet delay [3] , the relay selection scheme in [26] was proposed for achieving a significant reduction of the packet delay, compared to the max-link scheme [6] by introducing a priority on the relay selection criterion. The relay selection scheme based on the channel and buffer state information was proposed, for the sake of reducing the outage probability while achieving a high throughput [15] . Another relay selection scheme [16] reduced the packet delay of MMRS [4] by incorporating the diversity-and delay-aware relay selection policy.
In [17] , the buffer-aided relay selection was introduced to CRNs for the first time, which is referred to as the max-ratio scheme, where one out of all the available relay nodes in the secondary network is selected, so that the highest signal-tointerference ratio (SIR) is attained at the destination node of the secondary network. Furthermore, the concept of opportunistic interference cancellation is used for maximizing the throughput of the secondary network [19] , while eliminating interference from the primary network to the secondary network. Also, in [21] , the opportunistic cooperation scheme achieved a high throughput while maintaining a low delay, by introducing a priority into whether a user in the secondary network transmits its packet or support a user in the primary network to send a packet. Most recently, in [22] Kumar et al. incorporated adaptive link selection of [27] into the threenode two-hop buffer-aided CRN, where the tradeoff between the packet delay, the system throughput, and the symbol error rate was investigated.
III. SYSTEM MODEL A. SYSTEM MODEL OF BUFFER-AIDED COOPERATIVE CRN
The cooperative CRN considered in this paper is composed of the primary network (PN) and the secondary network (SN), and the underlay CRN is investigated throughout this paper. In the PN, a single primary source (PS) node maintains to directly communicate with a single primary destination (PD) node. The SN is a two-hop relaying one, consisting of a single secondary source (SS) node, a single secondary destination (SD) node, and K secondary relay (SR) nodes. Here, the SS node communicates with the SD node via the SR nodes, assuming that no direct link exists between the SS and the SD nodes.
Additionally, all the SR nodes operate in the half-duplex mode under the decode-and-forward principle. This implies that the packet transmission from the SS node to the SD node spans over two time slots. Note that the SR nodes are introduced for improving the communication quality of the secondary user since the transmission power of the SN is contaminated due to interference from the PN. In this paper, we focus our attention on the performance of the SN, and hence we assume the assistance of relay nodes only in the SN, for simplicity. The channel coefficient and the channel gain between arbitrary two nodes, i.e., a node a and a node b, are represented by h a-b and γ a-b = |h a-b | 2 , respectively. Furthermore, the corresponding average channel gain is represented by E[γ a-b ] = λ a-b . Unless otherwise noted, in this paper we mainly consider the independent and identically distributed Rayleigh fading channels for all the SS-SR and SR-SD links, where λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }). The kth SR node, i.e., the SR k node (k ∈ {1, 2, · · · , K }), has a data buffer of finite size L, and the number of packets stored at the SR k node, is represented by
. Note that k is increased by one if the SR k node successfully decodes a packet transmitted from the SS node. Similarly, k is decreased by one if the SD node successfully receives and decodes a packet transmitted from the SR k node. Moreover, the SR k node transmits its queued packets to the SD node in a first-come, first-served manner.
In this paper, we focus our attention on the scenario of a fixed transmission rate of r 0 [bps/Hz], rather than that of an adaptive transmission. All the channel coefficients are assumed to be independent Rayleigh fading, which are generated as mutually independent random variables, obeying the zero-mean complex-valued Gaussian distribution. Moreover, we assume that each channel coefficient remains constant during a single time slot. Furthermore, the SD node acts as a central coordinator, which periodically collects all the channel coefficients as well as the buffer states, and transmits control packets to the SR nodes, similar to the previous studies [4] , [6] , [7] , [10] , [11] . If the channel capacity of a specific link is higher than the transmission rate of r 0 , the packet can be successfully decoded at the receiving node. Additionally, we assume that there are stable low-rate feedback channels, where an acknowledge (ACK) packet is sent from the SD node to all the SR nodes if the SD node successfully decodes the packet. Note that this is the same assumption as that considered in [10] [11] [12] [13] . Since we assume that the SD node periodically transmits control packets to the SR nodes, the ACK packet can also be sent in a piggyback manner. Hence, the required overhead and the related interference may be maintained to be minimum [12] . When the SR nodes receive the ACK packet, multiple copies of the associated packet stored in the buffers are deleted.
Similar to [17] , in the PN, the PS node continues to transmit its source packets to the PD node. In the SN, either the SS node or the SR node tries to transmit or relay its source packet. Due to the presence of interference from the PS node to the SR and SD nodes, the signals received at the SR k node selected for the reception are given by
where x SS and x PS denote source signals transmitted from the SS and the PS nodes, respectively. Furthermore, P SS and P PS are the transmission powers of the SS and PS nodes, respectively. Also, n SR k represents the additive white Gaussian noise (AWGN) at the SR k node. Similarly, in the SR-SD transmission phase, where the packet is forwarded from the selected SR node to the SD node, the signals received at the SD node are given by
where x SR k denotes the symbol relayed from the SR k node, and P SR k denotes the transmission power of the SR k node. Also, n SD represents the AWGN at the SD node. In order to guarantee the communication quality of the PN, the packet transmission of the SN is allowed only when its interference power to the PN is below a predefined level. Since the interference power from the SS node and the SR k node to the PN is given by P SS γ SS-PD and P SR k γ SR k -PD , respectively, if we let I th denote the predefined level, the SN has to satisfy the power constraints of P SS γ SS-PD ≤ I th and P SR k γ SR k -PD ≤ I th .
Here, we assume that the SS and the SR nodes can obtain CSI of SS-PD and SR-PD links, respectively, so that the SS and the SR nodes can adjust their transmission power accordingly. More specifically, the PD node is considered to periodically broadcast a pilot block to the SS node and all the SR nodes. Then, the SS node and the SR k node carry out CSI estimation of PD-SS and PD-SR k links, respectively, based on the received pilot block. For simplicity, we assume that the time division duplexing is used here [28] , where the CSI of the SS-PD and SR-PD links can be estimated on the basis of the CSI estimation of PD-SS and PD-SR links. The detailed implementations are out of the scope of this paper, which are left for the future studies. Without the loss of generality, the transmission power of the PS node P PS is normalized to unity in this paper. Hence, the SIRs at the SR k node and the SD node are given by
respectively, and the channel capacity of the link between the SS and the SR k nodes, and that between the SR k and the SD nodes are given by 
respectively. Since we assume that all the SR nodes operate in a half-duplex mode, a prelog factor of 1/2 is imposed on (5) and (6) . Moreover, similar to the previous studies [17] , [29] , we ignore the effects caused by the AWGN when calculating the SIRs at the SR and SD nodes, by assuming that interference from the PS node is dominant in comparison to the AWGN.
B. PROPOSED BUFFER-STATE-BASED RELAY SELECTION SCHEME
Figs. 1(a) and 1(b) show the broadcasting and the relaying phases of the proposed scheme, which amalgamates the concept of the buffer-state-based (BSB) relay selection and the simultaneous activation of multiple SS-SR links, whose algorithms are shown in Tables 1 and 2, respectively. In order to avoid empty and full buffer states at the SR nodes, which is not considered in [17] , we introduce the link priority used for BSB link selection. Here, we denote the number of SS-SR links and SR-SD links that are not in outage as N SS-SR and N SR-SD , respectively (0 ≤ N SS-SR , N SR-SD ≤ K ). Once the SD node collects the buffer states of the SR nodes, the SD node evaluates the priorities of all the available links, based on the classification criterion of Table 1 . In this criterion, we introduce two additional thresholding parameters, i.e., ξ SS-SR and ξ SR-SD , which are determined in advance of link selection. 1 The values of ξ SS-SR and ξ SR-SD are typically set to be low, in order to maintain a low average packet delay. Hence in this paper, we set (ξ SS-SR , ξ SR-SD ) = (0, 2) for L = 2 and (ξ SS-SR , ξ SR-SD ) = (1, 2) for L ≥ 3.
The N SS-SR available links between the SS and the SR nodes are classified into three groups, i.e., the low, high, and highest priorities. When the number of packets stored in the buffer of the SR k node is k = L − 1, the priority of the corresponding SS-SR link is set to low. Furthermore, the pri-ority is set to high and highest when the number of packets stored in the buffer is ξ SS-SR < k < L − 1 and 0 ≤ k ≤ ξ SS-SR , respectively. We denote the number of low-, highand highest-priority SS-SR links as N Low
Similarly, the available N SR-SD links between the SR nodes and the SD node are also categorized into three groups with low, high, and highest priorities, where the number of SR-SD links in each group is denoted by
Highest SR-SD , respectively. However, unlike the broadcasting phase, when the number of packets stored at the buffer of the SR k node is k = 1, the priority of the associated link is low. The priority is high and highest for 1 < k < ξ SR-SD and ξ SR-SD ≤ k ≤ L, respectively. Note that when the number of packets stored at each SR node is close to the buffer size, the priority of the link between the SS and the corresponding SR nodes is low. This is for the sake of avoiding the full buffer state, which reduces the number of available links for link activation. Similarly, in the relaying phase, the low-priority link is such that the number of the packets stored at the corresponding SR node is one, in order to avoid the empty buffer state, which also reduces the number of available links. Note that the introduction of ξ SS-SR and ξ SR-SD in Table 1 contributes to the reduction of the potential empty-and full-buffer states, respectively.
After the decision of the priorities of all available links, the SD node activates a single SS-SR link, multiple SS-SR links, or a single SR-SD link based on the decision algorithm for link activation, shown in Table 2 , which lists all the cases from Case 1 to Case 7. When there is at least one SS-SR link with the highest priority, the N Highest SS-SR + N High SS-SR highest-and high-priority SS-SR links are all activated in the broadcasting phase, which corresponds to Case1. As for Case 2, where there is no highest-priority SS-SR link, but there is at least one highest-priority SR-SD link, a single SR-SD link with the highest SIR at the SD node is activated among the N Highest SR-SD SR-SD links. Moreover, in Case 3, where there is not any highest-priority SS-SR or SR-SD links, while there is at least one high-priority SS-SR link, the N High SS-SR high-priority SS-SR VOLUME 8, 2020 links are activated. Similar to Case 1, all the associated SR nodes simultaneously receive a source packet. When there is no highest-or high-priority SS-SR link, a single SR-SD link is activated, where high-priority one is activated in Case 4 and low-priority one is activated in Case 5. In Case 6, where there is no available link other than the low-priority SS-SR links, only a single SS-SR link having the highest SIR at the corresponding SR node is activated to maximize the number of available links. Finally, Case 7 corresponds to an outage event, where there is neither an available SS-SR link nor an SR-SD link. As mentioned in Section III-A, when an SR-SD link is selected, an ACK packet is sent to all the SR nodes through stable low-rate feedback channels, after the SD node successfully decodes the packet. Then, multiple copies of the associated packet stored at the SR nodes are deleted from the buffers. The specific implementation is out of the scope of this paper, and the detailed investigations are left for the future studies.
IV. THEORETICAL ANALYSIS
In this section, the theoretical bounds of the outage probability and the average packet delay of the proposed scheme are derived based on the MC model, which is suitable for the analysis of the system with finite buffers. 2 Similar to the conventional theoretical analysis, we assume that a sufficiently large number of packets are transmitted from the SS node to the SD node [6] , [11] , [12] . For simplicity, we focus our attention on the specific scenario of K = 2 SR nodes with (L = 2)-sized buffers. However, the bounds derived in this section are readily applicable to arbitrary (K , L) parameters. Table 3 lists all the legitimate buffer states of the SR nodes in the proposed scheme, where we have N state = 13 states in total, and four different symbols of , , , and ♦ denote four different packets. In the proposed scheme, multiple SR nodes are allowed to share the same packet when the priorities of their corresponding SS-SR links are highest. Hence, in the four states of s 10 , s 11 , s 12 , and s 13 , multiple copies of the source packets are shared among the K = 2 SR nodes. Based on the channel coefficients of the two SS-SR links, one of the transitions from the initial state s 1 to the states s 2 , s 3 and s 10 is possible, as shown in Fig. 2 . More specifically, either the transition from the state s 1 to the state s 2 or the state s 3 occurs when only one of the two SS-SR links is activated. The transition associated with the broadcasting phase corresponds to that from the state s 1 to the state s 10 , which occurs when both of the two SS-SR links are successfully activated. Next, under the assumption of the current state s 10 , either of the transitions to the states s 1 , s 11 or s 12 is possible. To be specific, the transition from the state s 10 to the state s 1 occurs when either of the two SR-SD links is activated. After an ACK packet is sent to both the SR nodes, copies of the corresponding packet are deleted from the buffers of the related SR nodes. Either transition from the state s 10 to the state s 11 or the state s 12 occurs when neither of the two SR-SD links is activated but either of the two SS-SR is. Note that in the state s 10 , the priorities of the two SS-SR links are low, and hence the broadcasting is avoided.
A. STATE TRANSITION DIAGRAM

B. STATE TRANSITION MATRIX
The sets of the legitimate links and that of the available links that can successfully transmit one packet are denoted by L j and L s j , respectively, under the state s j . Here, we have the relationship L s j ⊂ L j . Moreover, we define U j as the set of states that have the possibility of being arrived from the state s j through a one-step transition. Next, we calculate the state transition matrix A ∈ R N state ×N state , whose ith-row and jth-column element is represented by [9] A ij = L s j ⊂L j Pr(L s j ) Pr(s j → s i |L s j ).
Here, the conditional probability Pr(s j → s i |L s j ) is calculated based on the link selection algorithm shown in Table 2 . Additionally, Pr(L s j ) is the possibility that all the links in L s j can successfully transmit a packet, which is formulated by
where Pr SS-SR (L s j ) and Pr SR-SD (L s j ) represent the possibilities that SS-SR and SR-SD links in L s j can successfully transmit a packet, respectively. Moreover, Pr SS-SR (L s j ) of (8) is expressed by
where l a−b denotes the link between the node a and the node b, while P SS-SR k out denotes the outage probability of SS-SR k link. As mentioned in Section III-A, the transmission power of the SS node is designed for satisfying the power constraint of P SS γ SS-PD ≤ I th . Hence, the SIR of SS-SR k links has γ SS-PD , as shown in (3) . Additionally, the SIR of SR k -SD links contains γ PS-SD , as showin in (4), since all SR k -SD link suffer from the same interference from PS node. We note that γ SS-PD and γ PS-SD result in a correlation among different links, which contradicts the assumption of independent channels [17] , [30] , [31] . However, in our theoretical analysis, we assume that SS-SR links are mutually independent for the sake of simplicity.
C. OUTAGE PROBABILITY
Since the derivation of the outage probability of SS-SR links and that of SR-SD links are similar, the former is provided in this section. Based on the definition of outage probability, P SS-SR k out is formulated by
where r 0 denotes the transmission rate of each link. Furthermore, letting x k = I th γ SS-SR k /γ PS-SR k and y k = x k /γ SS-PD , we have
where F Y k (y k ) is the cumulative distribution function (CDF) of y k . Since γ SS-SR k and γ PS-SR k are exponentially distributed and mutually independent, the CDF of x k can be obtained as
Here, λ a-b indicates the average channel gain of the link l a-b , i.e., E[γ a-b ] = λ a-b . Since γ SS-PD is exponentially distributed and independent of x k , from (12), the CDF of y k is expressed VOLUME 8, 2020
by
where Ei(x) = ∞ x (e −t /t)dt and λ SS-SR k ratio = I th λ SS-SR k / λ PS-SR k . By substituting (13) into (11), we obtain P SS-SR k out . Also, we have Pr SS-SR (L s j ), by substuting P SS-SR k out into (9). As mentioned above, Pr SR-SD (L s j ) of (8) is obtained in a similar manner. Hence, we arrive at all the element of the state transition matrix A ij from (7) . Finally, we have
Again, we assume that the SS-SR links are independent of each other, and the same assumption is also employed for the SR-SD links. Hence, A jj is formulated by the formulation shown in (14) . In conclusion, the elements of the state transition matrix A are given by
where N a-b j and S a-b j denote the total number of legitimate links and the number of available links that can successfully transmit a packet from the node a to the node b at the state s j , respectively. Furthermore, S SS-SR j and S SR-SD j are the number of available SS-SR and SR-SD links, which can successfully deliver a packet, respectively. When S SS-SR j = S SR-SD j = 0, then we have a ij = 0. Otherwise,
where N S = N ! S!(N −S)! . Proposition 1 : the MC model of the proposed scheme is irreducible and aperiodic.
Proof : Due to the structure of the problem considered, any legitimate buffer states can transfer to all other states, and hence the MC model considered is irreducible. Additionally, as mentioned above, A jj corresponds to the outage probability under the state s j . Since A jj > 0 (j ∈ {1, · · · , N state }), the probability of staying at any legitimate state after N and N + 1 transitions is higher than zero. Hence, the MC model considered is aperiodic.
According to [6] , since the MC model of the proposed scheme is irreducible and aperiodic, the stationary distribution vector π ∈ R N state can be expressed by
where B ∈ R N state ×N state is a matrix with all elements to be one, and b = [1, · · · , 1] T ∈ R N state , while I ∈ R N state ×N state is the identity matrix. Thus, the outage probability of the whole system can be obtained as [6] P out = diag(A)π.
(18)
D. AVERAGE PACKET DELAY
Based on Little's law [32] , the average packet delay at the SR k node is expressed by
where η k denotes the average throughput of the SR k node. According to [7] , the average packet delay of each SR node is also the same as (19) , since the probabilities of selecting any of the SR nodes are assumed to be identical. More specifically, since the independent and identically distributed Rayleigh fading channels are considered in our system model, η k is identical for each SR node, which can be approximately expressed as η k = (1 − P out )/2 [9] , hence (19) is modified to
where π i denotes the ith element of the stationary distribution vector π, and k (i) is the total number of different packets stored in the buffers of all the SR nodes under the state s i .
E. DIVERSITY ORDER
In this section, the maximum achievable diversity order in the secondary network is analyzed for the proposed scheme. More specifically, in general, the diversity order is defined by
where λ = λ SS-SR k = λ SR k -SD is the average channel gain under the assumption of equal-gain independent and identically distributed fading in the secondary network. Here, we divide the buffer states into two categories; the first category corresponds to the buffer states that are neither full nor empty, while in the second category, there is at least a single relay node whose buffer is either full or empty. By defining the set of states in the first and secondary categories as F 1 and F 2 , there are 2K available links for the buffer states s n ∈ F 1 , while the number of available links is lower than 2K for the buffer states s n ∈ F 2 . The analytical outage probability (18) is rewritten by [9] P out = s n ∈F 1 Then, we consider that each relay node has an infinite buffer size, i.e., L → ∞. Since lim L→∞ π n = 0 for s n ∈ F 2 [9] , (22) is simplified to
Furthermore, we consider the equal-gain independent and identically distributed channels between the primary and the secondary networks, where we have λ int = λ SS-PD = λ PS-SR k = λ PS-SD = λ SR k -PD . According to (11) and (13), we arrive at A nn = (P link out ) 2K , where P link out = P SS-SR k out = P SR k -SD out . Moreover, since N state n=1 π n = 1 and lim L→∞ π n = 0 for s n ∈ F 2 , (23) is modified to
Then, from (11), (13) , and (25) the outage probability is given by
By denoting the constant I th /(λ 2 int y k ) as C, (21) is further changed to
Here, note that the analytical outage probability P out is derived by ignoring the correlation problem mentioned in Section IV-B, and hence the derived diversity order (27) corresponds to the upper-bound of the proposed scheme.
F. OVERHEAD ASSOCIATED WITH CSI AND BUFFER STATES
The overhead required for link selection of the max-ratio scheme and the proposed scheme are listed in Table 4 . In the proposed scheme, CSI and buffer states of the SR nodes are collected at the central coordinator, i.e., the SD node, in order to carry out link selection based on monitored information, which is updated in each time slot. In Table 4 , the number of pilot transmissions, CSI estimations, and the data transmissions from the SR nodes in each time slot are listed, in a similar manner to [10] . In the proposed scheme, CSI of all the SS-SR and SR-SD links is collected at the SD node in each time slot, similar to the max-ratio scheme. More specifically, the SS node first broadcasts a pilot block to all the SR nodes, and each SR node estimates CSI of the associated SS-SR link based on the received pilot block. Next, the estimated CSI at each SR node, a pilot block, as well as the buffer state information is transmitted to the SD node. Then, the SD node estimates CSI of the associated SR-SD links based on the received K pilot blocks. As mentioned in Section III-A, the PD node broadcasts a pilot block to the SS node and all the SR nodes at each time slot. Then, the SS node and the SR nodes carry out CSI estimation of PD-SS and PD-SR links, respectively, and hence the transmission nodes in the secondary network can adjust their transmission power. It is worth mentioning that in the max-ratio scheme, the SD node collects the partial buffer state information, which is binary (full or empty), while in the proposed scheme, the complete buffer state information is collected. As a result, the overhead of the proposed scheme may become more extensive than that of the max-ratio scheme.
V. THEORETICAL RESULTS
In this section, the theoretical bounds derived in Section IV are compared with the numerical results, in order to validate the system model of our scheme. Specifically, we consider the scenario of the system parameters (K , L) = (1, 2), (1, 5), (2, 1) and (2, 2). The other system parameters used in the simulations are shown in Table 5 , while we set (ξ SS-SR , ξ SR-SD ) = (0, 2) for L = 2. Unless otherwise noted, we consider the independent and identically distributed Rayleigh fading channels for all the SS-SR and SR-SD links, where λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }). Also, the transmission power of the PS node and the channel noise are normalized to unity, similar to our benchmark scheme in [17] .
A. OUTAGE PROBABILITY
The theoretical outage probabilities are presented. Fig. 3 shows the theoretical and numerical curves of the proposed VOLUME 8, 2020 scheme with the parameters of (K , L) = (1, 2) and (1, 5) . It was found that both the curves coincided. Recall that our theoretical analysis is based on the assumption of mutually independent SS-SR and SR-SD links. Note that for the scenario of a K = 1 SR node, the number of SS-SR links and that of SR-SD links is one. Hence, the correlation mentioned above problem does not exist.
Next, Fig. 4 shows the theoretical and numerical curves for (K , L) = (2, 1) and (2, 2) . Observe in Fig. 4 that there is a slight gap between the theoretical and numerical curves for each (K , L) scenario. For K = 2, there is a correlation between K = 2 SS-SR links and that between K = 2 SR-SD links. It was found that the effects of correlation may slightly degrade the achievable performance. In our theoretical analysis, it is assumed that the SS-SR links are independent of each other for simplicity, and the same assumption is also employed for the SR-SD links. However, the SS-SR links are actually dependent with each other, while, similarly, SR-SD links are. As a result, a slight gap exists between the numerical and theoretical results for K ≥ 2, since the theoretical analysis does not take into account the effects of the correlation, unlike in the numerical analysis. More specifically, when K = 1, there is no link selection, because of the absence of the correlation problem, as shown in Fig. 3 . However, for K ≥ 2, there exists multiple SS-SR links and multiple SR-SD links, hence exhibiting a slight gap between the numerical and theoretical results, as shown in Fig. 4 . 
B. AVERAGE PACKET DELAY
The theoretical average packet delays are presented. Fig. 5 shows the theoretical and numerical curves of the proposed scheme with the parameters (K , L) = (1, 2) and (1, 5) . In each scenario, the theoretical and numerical curves agreed well. Furthermore, in Fig. 6 , the system parameters were changed to (K , L) = (2, 1) and (2, 2) . In a similar manner to the above-mentioned outage probability analysis, the theoretical average delay is slightly different from the numerical one. As mentioned in Section V-A, for K = 2, the correlation problem gave rise to the difference between the numerical and theoretical average packet delays.
VI. NUMERICAL RESULTS
In this section, we provide the numerical results of the outage probability and the average packet delay of the proposed scheme, in order to characterize the achievable performance of the proposed scheme while comparing them with those of the benchmark scheme. Here, the max-ratio relay selection scheme [17] was selected as the benchmark scheme. Throughout the simulations, the transmission rate was fixed to r 0 = 1 [bps/Hz], unless otherwise noted. Furthermore, the predefined level I th and the transmission power of the PS node were set to unity. In the initial condition of each Monte Carlo simulation, the buffers of all the SR nodes were set to empty, and 10 6 source packets were generated at the SS node.
A. EFFECTS OF PARAMETER ξ SS-SR AND ξ SR-SD Here, the effects of parameter ξ SS-SR and ξ SR-SD are investigated, in order to determine these values. Fig. 7 shows the effects of the thresholding value ξ SS-SR on the outage probability and the average packet delay with the system parameters (K , L) = (5, 10) and ξ SR-SD = 2. The thresholding value ξ SS-SR was varied from 0 to 6. As shown in Fig. 7(a) , there was a unignorable gap between the curve of ξ SS-SR = 0 and that of ξ SS-SR = 1. The gap became marginal, upon increasing the ξ SS-SR value. This is because an increase of the ξ SS-SR value increased the number of available SS-SR links with the highest priority. This increases the possibility of activating the broadcast phase, and hence a higher diversity gain is achieved. However, this improvement is limited when the number of available links is high enough.
In contrast, Fig. 7(b) shows that there was an apparent deterioration in terms of the average packet delay, upon increasing ξ SS-SR . This is because a higher ξ SS-SR value reduces the probability of activating the SR-SD links, which imposes the adverse effects on the end-to-end packet delay. In summary, the above results demonstrated that while a lower ξ SS-SR value deteriorated the outage probability, its effect was limited. However, a lower ξ SS-SR value may contribute to the significant reduction of the average packet delay. Hence, ξ SS-SR = 1 was ideal for a low average packet delay, while maintaining a reasonable outage probability.
Next, the effects of the thresholding parameter ξ SR-SD were investigated. Fig. 8 shows the outage probability and FIGURE 9. Outage-probability comparisons between the max-ratio scheme [17] and the proposed scheme with the system parameters (K , L) = (3, 5) and (5, 10) .
average packet delay of the proposed scheme with the system parameters of (K , L) = (5, 10) and ξ SS-SR = 1, where the effects of the thresholding parameter ξ SR-SD on the outage probability and the average packet delay were similar to those of the thresholding parameter ξ SR-SD in Fig. 7 . This is because a lower ξ SR-SD reduces the number of packets stored at the SR nodes while reducing the number of available SR-SD links. Hence, we set ξ SR-SD = 2 in order to strike a good balance between the outage probability and the average packet delay. Note that for the particular case of L = 2, all the available SS-SR links are categorized as the highest-priority ones, when ξ SS-SR = 1. Therefore, we set the parameters (ξ SS-SR , ξ SR-SD ) = (0, 2) only for L = 2, and we set (ξ SS-SR , ξ SR-SD ) = (1, 2) for L ≥ 3.
B. OUTAGE PROBABILITY
Firstly, Fig. 9 shows the outage probability of the two schemes, having the system parameters (K , L) = (3, 5) and (5, 10) . λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }) were varied from 5 to 30 dB with a step of 1 dB. Observe in Fig. 9 that the proposed scheme outperformed the max-ratio relay selection scheme, where the performance gap increased, upon increasing the λ SS-SR k and λ SR k -SD . This is mainly because the proposed scheme takes into account the buffer states for the link selection, while the max-ratio relay selection scheme does not. Hence, the proposed scheme is capable of maximizing the number of available links by reducing the probabilities of the empty and full buffer states.
Next, in Fig. 10 we investigated the effects of the number of SR nodes on the outage probability of the two schemes, respectively. The average SIRs of the SR and SD nodes were set to λ SS-SR k = λ SR k -SD = 30 dB. The buffer size of each relay node was set to L = 10, and the number of the SR nodes was varied from K = 2 to K = 10. Observe in Fig. 10 that when the number of the SR nodes increased, the outage probability improved in both the schemes, since the number of SR nodes was directly associated with the maximum achievable diversity gain. The performance advantage of the FIGURE 10. Outage probability versus the number of SR nodes K , where we considered L = 10, while the number of SR nodes was varied from K = 2 to K = 10.
FIGURE 11.
Comparisons of the packet-delay performance between the max-ratio scheme [17] and the proposed scheme with the system parameters (K , L) = (3, 5) and (5, 10) .
proposed scheme over the conventional max-ratio counterpart increased, upon increasing the number of SR nodes.
C. AVERAGE PACKET DELAY
Next, the numerical results of the average packet delay are presented. In this paper, the average packet delay represents the average number of time slots, required for each secondary source packet to arrive at the SD node. In Fig. 11 , we evaluated the effects of λ SS-SR k and λ SR k -SD on the end-to-end packet delay, where we considered the system parameters (K , L) = (3, 5) and (5, 10) . Additionally, λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }) were varied from 5 to 30 dB with a step of 1 dB. As seen in Fig. 11 , in both the schemes, the average packet delay decreased, upon increasing the λ SS-SR k and λ SR k -SD . Moreover, the packet delay of the proposed scheme was lower than that of the max-ratio relay selection scheme, and the relative advantage of the proposed scheme increased, upon increasing the average gain.
Next, Fig. 12 shows the packet-delay profiles of the two schemes, where the buffer size was maintained to be L = 10 while varying the number of the SR nodes from K = 2 to K = 20. In addition, λ SS-SR k and λ SR k -SD were set to 30 dB. As shown in Fig. 12 , the packet delay of the max-ratio Average packet delay and outage probability of the max-ratio scheme [17] and the proposed scheme, having K = 3 SR nodes with a buffer of L = 5. λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }) were varied from 5 to 30 dB. . relay selection scheme linearly increased, upon increasing the number of SR nodes. By contrast, the packet delay of the proposed scheme remained sufficiently low, which was approximately 5 for K = 5 and 8 for K = 20.
Finally, Fig. 13 shows the outage probability and the average packet delay of the two schemes. Here, we consider K = 3 SR nodes, each equipped with a buffer size of L = 5, and λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }) were varied from 5 to 30 dB. Observe in Fig. 13 that while the gap between the two schemes was marginal for the low value of λ SS-SR k and λ SR k -SD , the advantage of the proposed scheme gradually increased upon increasing the λ SS-SR k and λ SR k -SD . However, in terms of the average packet delay, the proposed scheme outperformed the max-ratio scheme in the entire channel-gain regime.
D. EFFECTS OF ASYMMETRIC CHANNELS
Finally, we herein investigated the effects of the asymmetric channels, where we have λ SS-SR k = λ SR k -SD (k ∈ {1, · · · , K }). Here, we maintained λ SR k -SD = 20 dB, while λ SS-SR k was varied from 10 to 30 dB with the step of 1 dB. Fig. 14 shows the outage probability of the max-ratio and the proposed schemes. As shown in Fig. 14, the outage   FIGURE 14 . Outage probability of the max-ratio scheme [17] and the proposed scheme, where λ SR k -SD was maintained to be λ SR k -SD = 20 dB. performance of the proposed scheme was better than that of the max-ratio scheme for (K , L) = (3, 5) and (5, 10) . The outage probability of the proposed scheme decreased upon increasing the λ SS-SR k value, while that of the maxratio scheme exhibited an error floor. This is because in the max-ratio scheme the SS-SR and the SR-SD links tend to be activated for λ SS-SR k > λ SR k -SD and for λ SS-SR k < λ SR k -SD , respectively, hence suffering from the detrimental effects of empty and full buffer states. By contrast, the proposed scheme is designed for avoiding these effect, owing to the prioritybased relay selection.
Next, Fig. 15 shows the average packet delay of the max-ratio and the proposed schemes. As shown in Fig. 15 , the advantage of the proposed scheme over the max-ratio scheme was seen, especially for λ SS-SR k ≥ λ SR k -SD . However, in the range of λ SS-SR k − λ SR k -SD ≤ −5 dB, the packet-delay performance of the max-ratio scheme was nearly the same as that of the proposed scheme.
VII. CONCLUSION
In this paper, we proposed the novel relay selection scheme in the buffer-aided CRN, which allows us to successfully relax both the effects of inter-network interference and fading, by introducing a flexible link selection algorithm in the secondary network. More specifically, the simultaneous activation of multiple links between the SS and the SR nodes, as well as that of BSB link selection are introduced into the buffer-aided cooperative CRN. We derived the analytical bounds of the outage probability and the average packet delay of the proposed scheme, in order to verify the system model and numerical results. Also, the overhead required for the SD node was investigated. Our performance results revealed that the proposed scheme is capable of achieving better outage and packet-delay performance than the conventional max-ratiobased scheme. SHINYA SUGIURA (Senior Member, IEEE) received the B.S. and M.S. degrees in aeronautics and astronautics from Kyoto University, Kyoto, Japan, in 2002 and 2004, respectively, and the Ph.D. degree in electronics and electrical engineering from the University of Southampton, Southampton, U.K., in 2010.
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